Abstract Numerous research efforts have been devoted to understanding estuarine morphodynamics under tidal forcing. However, the impact of river discharge on estuarine morphodynamics is insufficiently examined. Inspired by the Yangtze Estuary, this work explores the morphodynamic impact of river discharge in a 560 km long tidal basin based on a 1-D model (Delft3D). The model considers total load sediment transport and employs a morphodynamic updating scheme to achieve long-term morphodynamic evolution. We analyze the role of Stokes drift, tidal asymmetry, and river discharge in generating tidal residual sediment transport. Model results suggest that morphodynamic equilibrium is approached within millennia by vanishing spatial gradients of tidal residual sediment transport. We find that the interaction between ebb-directed Stokes return flow/river flow with tides is an important mechanism that flushes river-supplied sediment seaward. Increasing river discharge does not induce continuously eroded or accreted equilibrium bed profiles because of the balance between riverine sediment supply and sediment flushing to the sea. An intermediate threshold river discharge can be defined which leads to a deepest equilibrium bed profile. As a result, the shape (concavity or convexity) of the equilibrium bed profiles will adapt with the magnitude of river discharge. Overall, this study reveals the significant role of river discharge in controlling estuarine morphodynamics by supplying sediment and reinforcing ebb-directed residual sediment transport.
1. Introduction
Tidal Hydrodynamics and Sediment Transport
In tide-dominated estuaries, tidal hydrodynamics and associated tidal residual sediment transport determine the morphological changes to a major extent [Postma, 1961; de Swart and Zimmerman, 2009; Roelvink, 2008, 2012] . Tidal waves propagate into shallow estuaries and are modified by landward width convergence and depth reduction, bottom friction, and river discharge. Depending on the relative importance of the damping and amplifying factors, tidal wave amplitude may increase or decrease or remain constant during the landward wave propagation [Prandle, 1985; Jay, 1991; Friedrichs and Aubrey, 1994; Lanzoni and Seminara, 1998; Savenije, 2005; Toffolon and Lanzoni, 2010] . Depending on the ratio of basin length to tidal wavelength, tidal waves are more progressive in longer basins and have a standing character in shorter basins (i.e., where the basin length is small compared to the tidal wavelength of~400 km) [Li and O'Donnell, 2005] . A basin with physical length of a quarter of the tidal wavelength may even become resonant, leading to extreme landward amplification of tidal waves. Even longer basins (>100 km) allow tidal waves to propagate and eventually damp in the basin [Gallo and Vinzon, 2005; Canestrelli et al., 2013; Sassi and Hoitink, 2013] .
Tidal interactions with basin geometry, bathymetry, and river flow lead to asymmetric tides [LeBlond, 1991; Parker, 1991] . Tidal asymmetry is reflected by imbalanced ebb and flood durations and maximum flow velocities (and associated bed shear stresses) as well as by the generation of an M 4 overtide. Tidal asymmetry is thus measured by an M 4 /M 2 amplitude ratio in strength and by a tidal surface phase difference 2 M 2 -M 4 in direction. Friedrichs and Aubrey [1994] suggested that a 2 M 2 -M 4 water surface phase difference between 0 and 180°leads to a flood tidal asymmetry in the sense of higher flood velocities during a shorter flood period and between 180°and 360°to an ebb tidal asymmetry.
Tidal asymmetry can generate significant tidal residual sediment transport [Dronkers, 1986; Parker, 1991; van de Kreeke and Robaczewska, 1993; Friedrichs and Aubrey, 1988; Wang et al., 1999] . A flood tidal asymmetry causes a landward residual sediment transport (sediment import from the sea), and an ebb tidal asymmetry leads to a seaward residual sediment transport (sediment export to the sea). A basin is flood dominant in the absence of tidal flats and river discharge because of a relatively shorter rising tide but stronger flood tidal currents [Speer and Aubrey, 1985; Lanzoni and Seminara, 2002] . A flood tidal asymmetry, however, does not necessarily imply a net landward residual sediment transport [Brown and Davis, 2010] , because other mechanisms may induce tidal residual sediment transport, such as Stokes drift and river flow [Dronkers, 1986; Lanzoni and Seminara, 2002; de Swart and Zimmerman, 2009] . To avoid confusion, in this work we distinguish flood or ebb tidal asymmetry by tidal wave distortion (i.e., 2 M 2 -M 4 phase difference) and distinguish flood or ebb transport dominance by net landward or seaward tidal residual sediment transport, respectively.
Stokes drift generates residual currents and transport. Caused by a phase lead or lag between tidal elevation and tidal currents, Stokes drift is present under progressive wave conditions [Stokes, 1847; Dronkers, 2005; van Rijn, 2011] . Stokes drift causes a landward accumulation of water and momentum, resulting in a water level gradient (negative seaward). This water level gradient induces a seaward return flow, termed here Stokes return flow. The Stokes return flow may generate a net seaward sediment transport despite the presence of a flood tidal asymmetry . The Stokes drift is typically small in magnitude (~cm/s), and its net effect on residual sediment transport is generally not explored very well.
River discharge has a significant effect on estuarine hydrodynamics and morphology. River discharge damps incoming tidal waves through enhanced tidal friction [Godin, 1985; Savenije, 2005; Sassi and Hoitink, 2013] . River flow constrains landward saltwater intrusion by enlarging ebb currents [Horrevoets et al., 2004; Gallo and Vinzon, 2005] . River discharge is also one of the dominant mechanisms in exporting river-supplied sediment seaward [Garel et al., 2009] . Interactions between river flow and intruding saltwater may lead to significant stratification and density currents, causing a local landward sediment transport [Dyer, 1995; Chant et al., 2011] . Considering morphology, Cooper [1993 Cooper [ , 2002 and Karunarathna [2010] observed that river discharge and associated river floods are responsible for critical short-to medium-term (i.e., year to decade) estuarine morphological changes. Nittrouer et al. [2011] reported contrasting sediment transport and morphodynamic evolution under low and high river flow conditions in the lower Mississippi River. A high river discharge induces seaward increasing sediment transport, whereas a low discharge induces seaward decreasing transport. In the Yangtze Estuary (YE), river discharge supplies a huge amount of sediment to the river mouth where a delta is built up. Yun [2004] documented that large river floods may trigger abrupt morphodynamic evolution by initiating channel migration and bifurcations. However, a systematical analysis of the impact of river discharge on estuarine morphodynamics is still lacking.
Modeling Efforts on Estuarine Morphodynamics
Tidal basin morphodynamics have been widely examined by analytical models (counterpart of numerical models) [van Dongeren and de Vriend, 1994; de Swart, 1996, 2000; Schramkowski et al., , 2004 . Lanzoni and Seminara [2002] suggested invariant flood tidal asymmetry, landward residual sediment transport, and resultant concave equilibrium bed profile in a tidal estuary with insignificant tidal flat storage and no river discharge. The modeled bed profiles were in good agreement with observations in tidal basins with the same length scale as the western Scheldt estuary and the Venice Lagoon [Schuttelaars and de Swart, 2000] . Conversely, convex equilibrium bed profiles were also modeled depending on the nature of tidal asymmetry at the mouth and on the basin geometry de Swart, 1996, 2000] . studied the impact of external overtides (i.e., M 4 ) on morphodynamic equilibrium and reported that the equilibrium was sensitive to the phase difference between M 2 and M 4 tides (i.e., 2 M 2 -M 4 ). Todeschini et al. [2008] reported that a convergent tide-dominated estuary tended to reach an equilibrium length by strong accretion at the landward end. The equilibrium length depends on channel width convergence, tidal amplitude, and bottom friction. In summary, these studies had explored the sensitivities of the initial geometry, overtides, bottom friction, advective and diffusive sediment transport, and sediment availability on estuarine morphodynamics [de Swart and Zimmerman, 2009] but not on the sensitivity to river discharge.
Numerical models give similar results to analytical models in terms of longitudinal variations of cross-sectionally averaged depth [Hibma et al., 2003a [Hibma et al., , 2003b [Hibma et al., , 2004 . And process-based 2-D morphodynamic results compared well with 1-D model results in terms of width-averaged, longitudinal bed profiles . Both analytical and numerical modeling studies have focused on tide-dominated environments, whereas the role of river discharge is rarely considered, the recent work by Canestrelli et al. [2013] being an exception. Canestrelli et al. [2013] modeled 1-D morphodynamics forced by river discharge and tides in a situation mimicking the Fly River estuary and found that increasing river discharge (and associated higher sediment supply) leads to accretion and vice versa. But the impact of river discharge on long-term estuarine morphodynamics has not yet been systematically explored.
Morphodynamic equilibrium may develop in tide-dominated estuaries only in the long term [de Swart and Zimmerman, 2009; . It is reached when maximum flood and ebb velocities are similar and constant along the basin (symmetric tide) so that the tidal residual sediment flux vanishes [Lanzoni and Seminara, 2002; Moore et al., 2009] . Analytical models have also suggested that multiple morphodynamic equilibria may develop depending on the physical basin length in comparison to tidal wavelength [Schuttelaars and de Swart, 2000] . Studies of morphodynamics in long (>100 km) basins are rarely reported, because few real cases are available for reference [Todeschini et al., 2008; Canestrelli et al., 2013] .
The empirical relationship between tidal prism (P, in m 3 ) and cross-sectional area (A, in m 2 ) suggests a certain type of morphodynamic equilibrium. This relationship was first derived for tidal inlets [O'Brien, 1969; Jarrett, 1976] and further extensively examined empirically and theoretically [van de Kreeke, 1998; Townend, 2005] . Gao and Collins [1994] , Friedrichs [1995] , Lanzoni and Seminara [2002] , and van der Wegen et al. [2010] confirmed the validity of a P-A relationship not only in tidal inlets but also along a tidal basin. A similar relationship between hydraulic flow parameters (i.e., tidal mean discharge) and cross-sectional area, once established for fluvial regimes [Leopold et al., 1964] , has also been successfully applied in tidal rivers [Powell et al., 2006; Sassi et al., 2012] . Application of this hydraulic geometry to modeling results in river-influenced estuaries could help to validate modeling efforts but has not yet been reported.
Aim and Methodology
The foregoing review indicates that (1) morphodynamics of tide-dominated basins are well studied; (2) morphodynamics of short tidal basins (<100 km) are widely examined, whereas morphodynamics of long tidal basins (longer than tidal wavelength) have been less explored; and (3) river discharge has an important effect on estuarine morphodynamics but the impact has not been studied systematically. Thus, inspired by the long YE where river discharge is significant, this study aims to investigate the role of river discharge on tidal residual sediment transport and associated estuarine morphodynamic behavior in long basins. Use is made of a 1-D morphodynamic model (Delft3D). The sensitivity to external tidal asymmetry and channel width convergence are also considered. We focus on the role of tidal asymmetry, Stokes drift, and river flow (and their interactions), whereas density currents and settling/scour lag effects are left out for future study.
The paper is organized as follows. Section 2 introduces the hydrodynamics and morphology of the YE. Section 3 deals with the model setup and setting of scenarios. Section 4 presents a model validation in the YE and hydrodynamic and morphodynamic results of the schematized model. Section 5 discusses the effect of geometry and the role of river flow in governing residual sediment transport and estuarine morphodynamics. In section 6, we formulate conclusions and suggestions for future studies.
The Yangtze Estuary
The Yangtze Estuary, located on the eastern China coast, is the region where the Yangtze River meets the East China Sea. The Yangtze River has an annual mean river discharge of 29,800 m 3 /s at Datong which is the tidal wave limit and is 560 km upstream of Changxing (Figures 1 and 2 ). The multiyear averaged river discharge hydrograph at Datong is characterized by pronounced seasonal variations with a monthly discharge of 10,000 m 3 /s in the dry season between November and April and~50,000 m 3 /s in the wet season between May and October ( Figure 2c ). Observed extremely low and high daily discharges are 4600 m 3 /s and 92,000 m 3 /s, indicating large interannual variations . The YE is a macrotidal estuary with spring tidal range as large as 4.5 m, and the peak current velocity may be locally as high as 3 m/s [Chen et al., 1985] . Despite the large river discharge, the ratio of river discharge to tidal prism at the mouth is approximately 1/10 during moderate fluvial and tidal conditions. The tidal waves propagate landward until Datong, and the tidal flood current limit is located around Jiangyin, 
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Tidal waves propagating into the estuary are first amplified in the nearshore area of the YE and decay more landward [Yun, 2004] . We analyze tidal water levels by harmonic method in 1 month window during low (dry season) and high (wet season) river discharge periods in 2009. Tidal waves are dominantly damped inside the estuary (upstream of Changxing) despite channel width convergence in the reaches between Jiangyin and Changxing ( Figure 3 ). The landward tidal decay is attributed to combined influences of friction and river discharge. A high river discharge damps tidal waves much more than a low discharge does (Figure 3b ). The impact of a high river discharge in causing greater tidal range reduction is consistent with the situation in tidal rivers, in general [Godin, 1985; Gallo and Vinzon, 2005; Sassi and Hoitink, 2013] . Considerable M 4 tide is detected at Changxing (km 560), and its amplitude decreases upstream of Jiangyin (Figure 3a ). The surface 2 M 2 -M 4 phase difference is about 60°at Changxing, suggesting a flood tidal asymmetry with a shorter rising tide.
The YE is complex in both geometry and morphology. Channel bifurcations downstream of Xuliujing lead to four main branches discharging into the sea (Figure 1 ). Separated from the South Branch near Xuliujing, the North Branch nowadays conveys only limited ebb tidal discharge compared to the South Branch. The South Branch is usually a well-mixed (weak stratification) environment and delivers major parts of river flow and sediment to the sea. The bed material upstream of Changxing consists of sand with a median grain size of 150-300 μm [Liu et al., 2010] . The estuarine turbidity maximum (ETM) zone seaward of Changxing, dominantly partially mixed, is characterized by three channels and broad tidal flats (Figure 1) . Seaward of the ETM, the river flushes into the East China Sea and is subject to alongshore currents induced by shelf circulation [Liu et al., 2006] . The formation of the present complex topography in the YE is a result of combined natural processes and human activities. Bank revetments and reclamation of midchannel shoals/sands stabilize the coastlines and channel divisions to a major extent [Yun, 2004] .
In this study, we focus on the well-mixed reach upstream of Changxing. In the upper 380 km reach, the channel has a relatively uniform width of around 3 km. Downstream of Jiangyin, the channel width expands until the Changxing section where it is 25 km wide (Figure 2 ). In determining the channel width, the secondary channels formed due to meanders and bifurcations are excluded.
Model Setup
This study applies the Delft3D model system in 1-D mode. The model is constructed based on cross-sectionally averaged mass and momentum conservation equations and a long-term morphodynamic updating scheme. Lesser et al. [2004] and Deltares [2011] provided the details of the hydrodynamics, bed level update schematization, and numerical schemes about the Delft3D model. An important advantage of numerical model is that it takes into account nonlinear processes in the mass and momentum conservation equations (e.g., the friction). Thus, assumptions of linearization are not needed as in many analytical models. This is important for the production of tidal asymmetry which is strongly related to nonlinear processes [Parker, 1991; van Rijn, 2011] . Another advantage of the numerical model is that the feedback mechanisms between hydrodynamics and morphology are conveniently considered via a robust morphological updating scheme [Roelvink, 2006] ; hence, longterm (millennia) morphodynamic development is easily achieved.
A 1-D schematized model is constructed by a 560 km long basin with width varying from 3 km (from the landward end to km 380) to 25 km, mimicking the YE outline but excluding meanders and associated channel width variations ( Figure 4 ). This basin is basically longer than tidal wavelength, and the basin width is much larger than the depth; thus, the tidal basin can be considered 
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shallow and long [de Swart and Zimmerman, 2009] . The length and width of the schematized basin mimic the YE, and the reason for such a long basin is to create continuously landward tidal decay and remove significant tidal wave reflection at the landward end. Regarding initial bathymetry, the modeling study by Canestrelli et al. [2013] showed that an initial bathymetry varying in a reasonable range will not induce fundamental differences in the final morphodynamic equilibrium. Therefore, to be consistent with the bathymetry in the YE (see Figure 5a ), the initial depth of the schematized model is prescribed by a linearly sloped bed from 10 m at the head to 15 m at the mouth (a slope of 1.12 × 10 À5 ). Preliminary model runs suggest that these schematizations produce similar tidal damping characteristics as the YE and also lead to stable long-term morphodynamic development.
To focus on the effect of river discharge and tides, the model is primarily forced by river discharge at the landward boundary and tides at the seaward boundary. Only the major tidal component M 2 and its first overtide M 4 are prescribed as representative tides [Roelvink and Reniers, 2011] . Estuarine circulation and stratification dynamics are excluded in this 1-D model study, because the river upstream of Changxing in the YE is overall well mixed [Yun, 2004] and the region with strong stratification is confined to the utmost downstream part of the estuary [Xue et al., 2009] . The channel length featured by stratification (~60 km in the YE) is much shorter than the total estuary length (~600 km in the YE), thus likely not affecting the morphodynamic equilibrium of the whole system [Canestrelli et al., 2013] .
In line with van der Wegen and , we define a single sand fraction with the total load transport formula by Engelund and Hansen [1967] :
where S s and S b are the suspended and bed load transport rates (m 3 /m/s), U is the current velocity (m/s), C is the Chézy friction parameter (60 m 1/2 /s), Δ is the relative density defined by (ρ s -ρ w )/ρ w , and D 50 is the median diameter of the bottom material (200 μm). By equation (1), the threshold for initial sediment motion is set to zero implicitly.
Sediment transport boundary conditions are set by an equilibrium sediment flux, which means that riverine sediment supply is unlimited and the sediment load entering or exiting through the boundaries is nearly perfectly adapted to the evolving local flow conditions [Deltares, 2011] . By imposing this, the bed level at the landward (inflow) boundary exhibits limited accretion or erosion.
Following Roelvink [2006] , the model updates bathymetry every hydrodynamic time step. Enhanced morphodynamic updating is achieved by a morphological factor (MF) approach. The MF approach multiplies computed erosion and deposition fluxes along the water-bed interface by a user-defined factor (the MF), thus achieving accelerated bed level changes [Lesser et al., 2004; Roelvink, 2006] . An important assumption of the MF approach is that bed level changes during one tidal cycle remain limited so that the morphodynamic evolution amplified by an MF will not induce irreversible changes [Roelvink, 2006] . This assumption is generally valid other than under extreme conditions (e.g., energetic storm or river floods). The MF approach has been successfully applied in medium-and long-term morphodynamic simulations in various environments [van der Wegen and Canestrelli et al., 2013] . Preliminary simulations suggest that an MF up to 400 still gave reliable, numerically robust long-term morphodynamic results with our current 1-D model setup . Therefore, a 10 year hydrodynamic calculation represents 4000 year morphodynamic evolution which is long enough for the basin to reach a close to equilibrium state.
We design model scenarios by systematically varying the boundary conditions. Following the YE data, the reference case describes an M 2 tide of 1.2 m (phase zero) and an M 4 tide of 0.2 m (phase 300°) at the seaward boundary and a constant river discharge of 30,000 m 3 /s at the landward boundary. Sensitivity analyses are conducted by the following: excluding the M 4 tide at the seaward boundary, prescribing a 60°phase for the external M 4 tide at the seaward boundary (reflecting external ebb tidal asymmetry), reducing the M 2 tide to 0.2 m in amplitude to reflect weak tide circumstances, and varying river discharge from 0 to 35,000 m 3 /s in increments of 5000 m 3 /s.
Simulations are classified into four groups based on varying boundary conditions (Table 1 ). Group 1, in which the standard case is included, represents the situation with an external M 4 tide implying prescribed flood tidal asymmetry. Group 2 excludes the external M 4 tidal constituent. Group 3 prescribes an external ebb tidal asymmetry. Group 4 has weak tidal forcing thus representing river-dominated circumstance.
We also conduct runs in a 6 km wide rectangular basin with the same length to link with previous similar studies and to test the sensitivity to channel width convergence. All the sensitivity scenarios are run on both convergent and rectangular basins.
We also set up a 1-D model based on a more realistic geometry similar to that between Datong and Changxing in the YE (Figure 2b ). The midchannel islands and the North Branch are excluded from the cross-section definition. This realistic model is forced by a river discharge hydrograph characterizing by seasonal discharge variations between 10,000 m 3 /s and 50,000 m 3 /s (see Figure 2c ) and M 2 and M 4 tides (2 M 2 -M 4 is 60°), also mimicking the real situation in the YE. The other model settings, such as sediment transport boundary conditions and initial bed profile, are the same as the schematized model. Morphodynamic sensitivities to river discharge and external tidal asymmetry are examined by running the model excluding a river discharge and an external M 4 tide. Simulation results of the YE model are discussed in section 4.1. Figure 5 shows the bed profile between Datong and Changxing in the YE in 1997, reflecting cross-sectionally averaged depth. Overall, the bed profile is characterized by slightly larger depth in the middle part. The highly variable depth is caused by channel meanders and width restrictions (e.g., rocky outcrops and bank protection works). The morphodynamic simulation starting from a sloped initial bed shows rapid bed level changes at the beginning. Bed level changes slow down considerably at the end of a 2000 year run, indicating a development toward equilibrium. Eventually, the model produces a bed profile agreeing well with the measured profile after 2000 years ( Figure 5a ). It demonstrates the ability of a simplified morphodynamic model to produce long-term estuarine bed profiles. The regional discrepancy is attributed to the complexity in the realistic geometry which is not well represented in the schematized 1-D model.
Model Results
YE Morphodynamic Validation
We set up one extra scenario excluding river discharge to test morphodynamic sensitivity to river discharge and one extra scenario excluding the external M 4 tide to test the sensitivity to external tidal asymmetry. Model results indicate that the downstream bed is eroded deeper if no external M 4 tide is prescribed (Figure 5b ). This suggests the effect of tide-induced flood transport in counterbalancing river-induced ebb transport. Morphodynamic development is much slower and the estuary is less deepened in the middle part in the scenario driven by M 2 tide only (no river discharge and no external M 4 tide) (Figure 5b ). That is because residual sediment transport induced by internal tidal asymmetry is relatively small. These sensitivity analyses imply that river discharge and external overtide play a significant role in controlling morphodynamic development in a river-and tide-influenced estuary such as the YE.
Hydrodynamics of the Schematized Model
We first run four hydrodynamic simulations (no bed level updating) in the schematized convergent estuary in order to develop better insight into the role of the river discharge and tidal asymmetry. Four cases are defined as follows: no river discharge, no M 4 tide (H1); no river discharge, with M 4 tide (2 M 2 -M 4 is 60°) (H2); discharge 30,000 m 3 /s, no M 4 tide (H3); and discharge 30,000 m 3 /s, with M 4 tide (2 M 2 -M 4 is 60°, reference case) (H4). /s enhances the ebb residual sediment transport (H3 compared to H1), even changes its direction from flood (H2) to ebb (H4). As a whole, comparison of these four preliminary hydrodynamic simulations provides evident differences in tidal residual sediment transport caused by both tidal asymmetry and river discharge. 
Morphodynamics of the Schematized Model
The tidal residual sediment transport discussed in the previous section leads to morphodynamic development once bathymetric updating is allowed. Here we first present the hydrodynamic and morphodynamic results of the reference case (H4) and then of other sensitivity scenarios.
The M 2 tide is damped landward both in the convergent basin and in the rectangular basin (Figures 7c and 7d) . The M 4 tide is slightly amplified landward but damps more landward (Figures 7e, and 7f) . As a result, the strength of tidal asymmetry (reflected by M 4 /M 2 amplitude ratio, Figures 7g and 7h ) increases landward to the region about 100 km downstream of the head where fluctuations occur, probably as a result of tidal wave reflection against the landward boundary. The nature of the tidal asymmetry does not change over morphodynamic evolution (Figurea 7i and 7j ).
Regarding morphodynamics, the channel bed accretes in the upstream part of the estuary because of excessively supplied sediment by a high river discharge (Figures 7a,and 7b ). The convergent basin shows accretion at the mouth due to its widening. Significant channel deepening occurs in the downstream part of the rectangular basin. As a result of the deepened rectangular basin, the M 2 and M 4 tides intrude farther landward over time (Figures 7d and 7f) . The M 4 and M 2 tidal amplitudes decrease in the upstream part of the convergent basin because of bed accretion (decreased water depth) (Figures 7c and 7e ). 
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Morphodynamic results of other sensitivity scenarios suggest that the variability of the final bed profiles is quite large over a wide range of river discharge and tidal forcing (Figures 8a and 8b ). In the absence of a river discharge, the downstream part of the estuary gets deepened in the scenarios without an external M 4 tide and conversely undergoes accretion with an external M 4 tide favoring flood tidal asymmetry. Continued accretion is prone to eventually block the estuary near 450 km in the convergent basin (Figure 8a) . A river discharge of 15,000 m 3 /s leads to more deepened bed profiles if no external M 4 tide is imposed. A river discharge as large as 30,000 m 3 /s causes deepening of the bed profiles in the downstream part of the estuary due to enhanced ebb transport and accretion in the upstream part of the estuary due to excessive riverine sediment input. Furthermore, larger river discharge causes considerable channel accretion and basin infilling because river-supplied sediment is not flushed seaward efficiently (not showed). In comparison to the scenarios without an external M 4 tide, the equilibrium bed profiles in the scenarios considering an external M 4 tide favoring flood tidal asymmetry are overall subject to less deepening. In all, these sensitivity scenarios indicate again that river discharge and tidal asymmetry have a profound effect on long-term estuarine morphodynamics.
Tidal Residual Sediment Transport
Figures 8c and 8d show tidal residual sediment transport patterns over the entire 4000 morphodynamic years. The tide-dominated scenarios (no river discharge) are characterized by ebb transport dominance in the absence of external M 4 tide. The ebb transport dominance is shifted to flood transport dominance when an external M 4 tide favoring flood tidal asymmetry is prescribed. In correspondence, residual sediment transport is seaward at the mouth section in the former cases, suggesting sediment export to the sea, whereas it is landward in the latter cases, suggesting sediment import from the sea (Figures 8c and 8d ). This result is in line with the bed profile development: sediment import leads to accretion in the downstream part of the estuary and conversely sediment export leads to erosion.
Introduction of a river discharge enhances the ebb transport dominance when no external M 4 is imposed. A river discharge also shifts flood transport dominance to ebb transport dominance even when an external M 4 is imposed (Figures 8c and 8d) . It means the reinforced ebb transport by a river discharge dominates over the flood-directed transport induced by tidal asymmetry even when an external M 4 tide is prescribed. Note that the residual sediment transport varies greatly along the channel. A seaward positive spatial gradient (seaward decreasing) in the residual sediment transport leads to bed accretion (Figure 8 ). Conversely, the negative gradient (seaward increasing) in the more seaward channel segment explains the deepening of the estuary.
Mechanism Analysis
The mechanisms causing tidal residual sediment transport include Stokes drift, tidal asymmetry, and river discharge in this 1-D model study. To explore their contributions to the total residual sediment transport, we decompose the total current into a residual current and periodic M 2 and M 4 tidal currents by
in which U is the total current, u o is the residual current, u 2 and u 4 are the amplitudes of the M 2 and M 4 currents, ω and k are the M 2 tidal frequency and wave number, respectively, and ø is the velocity 2 M 2 -M 4 phase difference. Another internally generated overtide, M 6 , is smaller in amplitude compared to M 4 thus is excluded in this analysis.
The residual current can be induced by Stokes drift and/or river discharge (if it is present). Van Rijn [2011]
gives an approximation for the Stokes drift as
where u stokes is Stokes drift, Q is tidally averaged unit discharge per width, h o is the mean water depth and T is the tidal period (here 12 h), U is current velocity, H is water depth, ηcos(ωt) is the tide wave and ucos(ωt + ϕ) is the tidal current with ϕ the phase difference between the vertical and horizontal tides. The presence of Stokes drift and its strength depends on the phase difference ϕ which is 90°for a standing wave and 0°for a progressive wave. Generally the Stokes drift is in the landward direction.
By integrating tidal currents over a tidal period T, we derive tidal residual currents (Eulerian residual current) at each section. In the tide-dominated scenarios, the Eulerian residual currents are seaward (in the ebb flow direction). Its magnitude is nearly the same as the Stokes drift calculated by equation (3) (Figure 9 ) but in the opposite direction, indicating that the Stokes drift is responsible for the generation of the Eulerian residual current. The tiny discrepancy in Figure 9 may be attributed to ignoring the residual current (u o ) and the M 4 tidal current (u 4 ) in equation (3). Note that the Stokes drift is overall small in magnitude (order of a few cm/s); it is easily overcome by river discharge-induced seaward residual current.
Regarding residual sediment transport, we propose that the total load transport is proportional to the current velocity by a power of 5 and a zero threshold velocity for initial sediment motion (in line with the Engelund and Hansen [1967] formula); thus, the tide-averaged integration is followed as [Dronkers, 2005; van de Kreeke and Robaczewska, 1993] 
There are three major contributors to the residual sediment transport. The first term in equation (4) is the net transport effect of the Eulerian residual current, termed Eulerian net transport (ENT) here. The second and third terms represent the interactions between the Eulerian residual currents and tidal currents, which have the same direction as the Eulerian residual currents, termed Euler-induced asymmetry (EIA) here. The fourth term is induced by the interaction between M 2 and M 4 tides, reflecting a tide-induced asymmetry (TIA). Its direction is determined by the relative phase difference between the horizontal M 2 and M 4 tides. 
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We estimate the residual sediment transport components by equation (4) based on modeled residual currents and M 2 and M 4 current amplitudes. The Eulerian residual currents and M 4 current are relatively small in the scenarios forced by M 2 tide only ( Figure 10a ). As a result, ENT is negligible. Residual sediment transport induced by EIA, however, is considerable and is even larger than that by TIA in the utmost mouth section (Figure 10b ). It suggests that though the Eulerian residual currents (only Stokes return flow in this case) are small in itself, its interaction with M 2 current is able to generate considerable residual sediment transport. This explains why the internally generated tidal asymmetry is flood directed (flood tidal asymmetry) but the net residual sediment transport is ebb directed (ebb transport dominance) in this circumstance.
Introduction of an external M 4 tide reinforces the M 4 current, making it exceeding the residual currents in magnitude ( Figure 10c ). As a result, TIA-induced residual sediment transport dominates over the contribution by EIA (Figure 10d ), indicating the significance of external overtide. Note that the direction of TIA depends on the external tidal phase relationship 2 M 2 -M 4 .
Introduction of a river discharge enlarges the Eulerian residual currents significantly, and the Stokes drift becomes relatively minor and can be ignored (Figure 11a ). Increasing river discharge enhances both ENT and EIA (termed river-induced asymmetry in this case). A large river discharge may even reverse the net residual sediment transport from flood dominance (due to TIA) to ebb dominance (due to ENT and EIA) (Figure 11b ). The ENT is larger in the upstream part of the estuary but EIA and TIA are larger in the downstream. At the mouth, EIA is larger in magnitude than TIA (Figure 11b) . In all, the estuary is ebb transport dominant due to the presence of a significant river discharge though tide-induced asymmetry is flood directed.
The EIA generated residual sediment transport depends on the strength of both the Eulerian mean current and the tidal currents. In an estuary driven by a large river discharge but microtidal forcing, small tidal currents will lead to negligible EIA and TIA though the river discharge is large (Figures 11c  and 11d ). In that case, only the ENT dominates. This reflects the circumstance of a river-dominated estuary in which the seaward residual sediment transport in the downstream part of the estuary (Figure 11d ) is much smaller than that in an estuary with both significant river and tidal forcing (Figure 11b ). 5. Discussion
Impact of Basin Geometry
Studies of the morphodynamic behavior in relatively short (<100 km) tide-dominated basins are characterized by overall concave profiles due to residual sediment transport divergence (outward transport vectors) [Friedrichs and Aubrey, 1994; Lanzoni and Seminara, 2002; Hibma et al., 2003b; de Swart, 1996, 2000; . In this study we derive overall weakly convex profiles in a 560 km long tide-dominated basin because of pronounced ebb transport dominance induced by the interaction between Stokes return flow and tidal currents (see Figure 8b) . However, the 100 km long utmost downstream part of the convergent basin is featured by a concave-shaped equilibrium profile. That is because an external M 4 tide favoring flood tidal asymmetry induces persistently landward residual sediment transport (Figure 8a ). This result is in line with the findings by and Todeschini et al. [2008] .
Channel width convergence induces regional concavity in the downstream part of the estuary though convexity still dominates in the upstream part of the estuary (uniform width) (see Figure 8a ). The regional concavity in the lower stream is similar to that modeled in shorter convergent basins [Lanzoni and Seminara, 2002; Schuttelaars and de Swart, 2000] and also to the bed profile of the western Scheldt estuary [Schuttelaars and de Swart, 2000] . This indicates the effect of channel width convergence in reducing residual sediment transport in the width increased direction. Overall, we find that the channel width convergence only changes the spatial gradients of the tidal residual sediment transport and consequent concavity or convexity in the equilibrium profiles, whereas the direction of the residual sediment transport does not change (see Figure 7) .
In tide-dominated circumstances a stronger convergent basin will have a shorter equilibrium basin length and corresponding equilibrium bed profile [Todeschini et al., 2008] . The abrupt width expansion in the model of Canestrelli et al. [2013] caused strong deposition in the convergent channel. However, it is worthwhile to note that channel convergence in natural settings is shaped by a complex interplay between tidal forcing and bank stability instead of being predefined (nonerodible bank) as in this and previous studies. Further systematic study to explore the interplay between tidal forcing and channel geometry is needed. (Figures 11a and 11b ) with discharge 30,000 m
Role of River Discharge
River discharge supplies sediment, enhances ebb residual flow, alters the tidal hydrodynamics, and interacts with the tidal currents to generate a river-induced asymmetry. Generally, the fluvial effect can be neglected when the river discharge is much smaller than the mean tidal discharge, for instance, when a tidal mean discharge to river discharge ratio is larger than approximately 20 [Powell et al., 2006] . This threshold value may differ per estuary [Sassi et al., 2012] , but the concept of a critical river discharge above which the influence of river discharge on the estuarine hydrodynamics and morphodynamics cannot be neglected is valuable.
River discharge significantly enlarges ebbdirected residual current. The river-reinforced residual currents interact with tidal currents, generating significant tidal residual sediment transport in the seaward direction. The river-tide interaction enhances seaward flushing of river-supplied sediment. It can be a dominant mechanism when the residual currents are smaller than the tidal currents.
There is a critical river discharge at which the seaward residual sediment transport (by ENT and EIA) is balanced by landward residual sediment transport (by TIA, given a flood tidal asymmetry) at the mouth section. Figure 12 shows variations of the net residual sediment transport at the head and at the mouth (over time) as a function of river discharge. The residual sediment transport at the mouth is close to zero when river discharge is in the range between 10,000 and 20,000 m 3 /s, reflecting a balance between seaward and landward residual sediment transport. A river discharge smaller than this threshold leads to net landward sediment transport (sediment import) and associated channel deposition, whereas a river discharge larger than this threshold causes net seaward transport (sediment export) and associated channel erosion. Note that this threshold discharge increases with increasing tidal asymmetry strength and that no threshold discharge is present if the tide-induced asymmetry is ebb directed.
Continuously increased river discharge does not lead to continuously deepening equilibrium bed profiles. Our morphodynamic model results suggest that when river discharge increases, the equilibrium bed profiles initially become deeper but that further discharge increase (and sediment supply) leads to accreted bed profiles (see Figure 8) . Thus, an intermediate river discharge condition can be defined that leads to a deepest equilibrium bed profile. This intermediate condition is characterized by the largest longitudinal residual sediment transport gradient (see Figure 8) . A river discharge below this threshold discharge reinforces seaward sediment transport more than the sediment it supplies; thus, the basin becomes deepened. A river discharge above this threshold supplies excessive sediment, and the sediment is not flushed to the sea efficiently; thus, the basin becomes accreted. Depending on basin geometry, tidal asymmetry, and sediment availability, the threshold discharge is also site specific. The nonlinear morphodynamic behavior in response to increasing river discharge suggests that the finding in Canestrelli et al. [2013] (i.e., increasing sediment discharge lead to accretion and vice versa) is valid only when river discharge is above the intermediate threshold discharge.
The interaction and strength balance between river and tides governs the state of estuarine morphodynamics in long term if we assume that other factors, e.g., sea level rise and land subsidence, are limited. The concept of strength balance between fluvial and marine forcing is also discussed by Dalrymple et al. [1992] . The tidal strength (reflected by tidal amplitude) plays a significant role in this process, because the river-tide interaction depends on the strength of both river discharge and tidal currents. A stronger M 2 tide not only leads to a stronger tide-induced asymmetry but also enhances the river-induced asymmetry (see Figures 11c and 11d ). This may explain why the strong tides help to flush river-borne sediment to the sea faster than the sediment is flushed in a purely river-dominated estuary. 
Morphodynamic Equilibrium
Morphodynamic equilibrium in tide-dominated estuaries is reached when the residual sediment transport vanishes or in other words when the bed shear stress becomes spatially uniform Lanzoni and Seminara, 2002; Hibma et al., 2003b; . In addition, van der Wegen and and van der observed reduced tidal asymmetry strength by morphodynamic development toward equilibrium. Our model results suggest that morphodynamic equilibrium is present in river-and tide-influenced estuaries given a constant discharge. The equilibrium is characterized by a uniform residual sediment transport along the basin (Figure 13 ) instead of vanishing residual sediment transport. In other words, the gradient in tidal residual sediment transport controls morphodynamic development instead of the sediment transport magnitude itself [Roelvink and Reniers, 2011] . The sediment transport magnitude, however, controls the time needed to approach morphodynamic equilibrium.. Morphodynamic equilibrium is reached in a shorter period under higher river discharge conditions because sediment transport rate is larger and spatial gradients in tidal residual sediment transport decreases at a higher rate (Figures 13c and 13d) . The persistent residual sediment transport gradient in Figures 13a and 13b indicates that the two scenarios forced by zero and low river discharge may take some more time to reach a morphodynamic equilibrium. Once the equilibrium is reached, the estuary behaves as a sediment transport bypassing conduit conveying the river-supplied sediment seaward, without further net deposition or erosion.
Another way to look at the morphodynamic equilibrium is by a comparison of model results to the empirical relationship between tidal prism (P) and cross-sectional area (A). Replacing the tidal prism by an ebb tidal volume to take the river discharge into account, we find that the modeled P-A relationships at the monitored sections along the estuary are convergent and that they develop toward the empirical line derived on tidal inlets [Jarrett, 1976] (Figure 14) . Increasing river discharge leads to a larger ebb tidal volume at the same cross-sectional area, suggesting enlarged currents and associated transport capacity. This confirms the universality for a hydraulic geometry relating river discharge or tidal discharge with channel morphology in rivers, tidal basins, and estuaries [Toffolon and Lanzoni, 2010; Sassi et al., 2012] . 
Implications for Realistic Estuaries
The morphodynamic equilibrium in the schematized simulations is reached under the conditions of constant river discharges and no sea level variations. Results in the 1-D YE model suggest that a dynamic equilibrium may still be present even when the river discharge varies seasonally (see Figure 5 ). It is unknown how this equilibrium is determined because river flow varies over a large range. High river discharge, reflected by river flood events, can supply a large amount of sediment to an estuary system, damps tides significantly, and thus possibly causes extreme accretion. The impact of seasonal river discharge variations and river flood events on long-term estuarine morphodynamics merit future study.
More tidal constituents are present in reality than the M 2 and M 4 tides we used in this study. One example is the linear interaction between M 2 -O 1 -K 1 tides which is able to generate tidal residual sediment transport as well [Hoitink et al., 2003] . This mechanism differs from M 2 -M 4 tidal interaction in that the amplitudes and phases of the astronomical M 2 , O 1 , and K 1 tides are predetermined, whereas M 4 tide is internally generated and is influenced by river discharge in a manner different from astronomical tides. Moreover, spring-neap tidal variations may have a residual effect on sediment transport [Allen et al., 1980] . Canestrelli et al. [2013] reported that inclusion of an S 2 tide with an M 2 tide leads to a deeper equilibrium bed profile than the case excluding the S 2 tide, but it is not clear why. In that sense, future study is needed to find out the morphodynamic sensitivity to different tidal constituents and associated tidal interactions.
Mean sea level varies over many time scales (decades to millennia). Sea level rise will reduce the tidal amplitude to water depth ratio and ease landward tidal damping, eventually exerting influences on residual sediment transport and morphodynamic development. Dissanayake et al. [2012] and van der Wegen [2013] reported that a sea level rise possibly enhances flood tidal asymmetry, decreases intertidal flat area (in 2-D simulations), and drowns tidal basins. Similar sensitivity study considering the balance between riverine sediment supply and sea level variations is needed to explore estuarine morphodynamic adaptation to external forcing changes.
Shape of Equilibrium Profiles
The equilibrium bed profiles can have large variability depending on the driving forcing and sediment availability in short or long basins [Friedrichs, 1995; de Swart and Zimmerman, 2009; Toffolon and Lanzoni, 2010] . Previous studies reported concave profiles in tide-dominated basins due to divergence of residual sediment transport (Figure 15a ) [Schuttelaars and de Swart, 2000; Lanzoni and Seminara, 2002; . The concavity varies with the strength of tidal asymmetry and channel geometry. Field observations provide evidences of residual sediment transport divergence by ebb transport dominance at the basin mouth and increasing flood transport dominance in the landward direction in the Tamar Estuary [Uncles et al., 1985] and in the Dyfi estuary [Brown and Davis, 2010] . Residual sediment transport convergence (inward transport vectors) will lead to a convex equilibrium bed profile. This is the case when an ebb-directed Figure 14 . Ebb tidal volume in relationship with cross-section area for the cases without external M 4 tide and river discharge 0, 15,000, and 30,000 m residual transport in the upstream part of an estuary driven by a medium river discharge and a flood-directed residual transport downstream induced by a flood tidal asymmetry (Figure 15b) . A concave profile can be stable because an associated convergence in minimum shear stress necessary to maintain a zero gradient in residual sediment transport is reached [Friedrichs, 1995] . These relationships have some similarities to tidal flat profile dynamics, wherein divergent sediment transport leads to erosion and concavity, while convergent sediment transport leads to accretion and convexity [Pritchard and Hogg, 2003] .
Equilibrium bed profiles can be complex in shape when the residual sediment transport is unidirectional but with spatially varying gradients (Figure 15c ). For instance, a landward decreasing flood tidal asymmetry leads to sediment import and accreted channel bed. A bump or trough in the longitudinal residual sediment transport leads to a corresponding bump or trough in the bed profiles. In summary, it is the residual sediment transport patterns (i.e., the direction and the spatial gradients of the residual sediment transport) that shape the equilibrium bed profiles. Note that the residual sediment transport patterns are a function of basin geometry, hydrodynamic forcing, and sediment properties, as have been discussed by Friedrichs and Aubrey [1996] and Toffolon and Lanzoni [2010] ; hence, the residual sediment transport pattern in realistic estuaries needs specific examination.
Conclusions
This study examines 1-D estuarine morphodynamic behavior in river-tide influenced estuaries by applying a morphodynamic model for long-term (in millennia) simulations. The schematized model represents a 560 km long basin with river and tidal forcing comparable to the YE. By sensitivity analysis we explore the morphodynamic impact of basin plan form, tidal asymmetry, and different river discharges. Derived findings are summarized as follows.
1. Morphodynamic equilibrium is reached in river-tide influenced estuaries under constant river discharge.
The equilibrium is characterized by uniform tidal residual sediment transport, or in other words vanishing spatial gradients in residual sediment transport, and also by a developing trend toward the empirical relationship between (ebb) tidal volume and cross-sectional area. The time needed to reach morphodynamic equilibrium decreases with increasing river discharges because of enlarged riverine sediment supply and sediment transport rate. 2. Longitudinal residual sediment transport patterns determine the shape of the equilibrium bed profiles under different river and tidal conditions. Convergence and divergence in residual sediment transport lead to convex and concave profiles, respectively. Unidirectional residual sediment transport with seaward increasing or decreasing gradients leads to erosion and accretion and consequent concavity and convexity in bed profiles, respectively. 3. River-tide interaction induces profound tidal residual sediment transport other than the Stokes return flow, tidal asymmetry, and river discharge. River-tide interaction enhances seaward residual sediment transport and stimulates seaward sediment flushing. Interaction between Stokes return flow and tides can cause a net seaward residual sediment transport despite a flood tidal asymmetry in tide-dominated circumstances. 4. River discharge affects estuarine morphodynamics by supplying sediment, enhancing ebb currents, and interacting with tides. Low river discharge causes deepened bed profiles by enhancing ebb transport. High river discharge induces accreted bed profiles by enlarged sediment supply. This reflects a subtle balance between sediment supply by river flow and sediment flushing (to the sea) by river and tides together. A threshold river discharge can be defined that leads to the deepest equilibrium profile.
Though simple and schematized, this study sheds light on the fundamental role of river discharge and tidal asymmetry on controlling residual sediment transport and long-term estuarine morphodynamic behavior. Future study considering seasonal river discharge variations, more astronomical tidal constituents, and sea level rise is needed.
